In this work, the applicability of the two most commonly used equations for calculating the fracture toughness by nanoindentation is discussed in terms of the indenter geometry and the indentation crack morphology. These equations are calibrated for Berkovich and cube-corner indenters taking into account the actual indentation crack morphology, aimed at attaining a more reliable estimation of fracture toughness in small material volumes by nanoindentation. Hill's expanding cavity solution for an elastic-plastic solid and assuming a half-penny crack configuration, suggested the following expression to calculate K IC [5] :
Where E is the Young's modulus, H is the hardness, P is the indentation load and 2c is the total crack length (that is, 2c =2l +2a, where l is the length of the crack from the indentation corner, and 2a is the indentation diagonal). The term R is a material constant containing elements related to the geometry of the indenter and the morphology of the crack system that was considered to be halfpenny. In 1981, Anstis et al. fitted equation (1) (cemented WC-Co) [7] . Using the experimental values of E, H, K IC , and P/c 3/2 for each material, the value of R was found to be 0.016. This value is well established when half-penny cracks are generated with Vickers indenters in the range of macro and microindentation. On the other hand, for superficial cracks as Palmqvist crack profiles, in 1987 Laugier adapted the Lawn halfpenny formalism and modified K to take into account the actual crack morphology [8] , The symbols E, H, P, a and l have the same meaning as in equation (1) . The fit of the equation for radial cracks leads to a value for the constant of 0.015 [8] . In spite of serious criticisms to the IM method for the determination of fracture toughness [9] , it is still widely used as a simple, low-time consuming and inexpensive method. However, it is well known that if the constants R and are not properly calibrated, the accuracy of the obtained values of K IC is low. Such constants were experimentally fitted by Anstis et al. and Laugier, respectively, using 4-sided Vickers pyramid indenters (in the range of macro and microindentation with applied loads up to 100 N and up to 1000 N in the case of cemented WC-Co) and they are well accepted and used. factor that accounts for the number of symmetric cracks proposed by Ouchterlony due to the nonsymmetrical nature of Berkovich indenters, obtaining = 0.016 [10] .
Mechanical characterization of small volumes, such as thin films or micro-sized phases, has recently received major attention, and many works focuses on the determination of K IC by nanoindentation following the IM method [3, [11] [12] [13] [14] [15] [16] . Nanoindentation allows applying low loads needed for accurate micromechanical characterization with high spatial resolution. However, the first point to consider when extending the applicability of IM to the nanoindentation load range is that the most used indenters in this technique are Berkovich and cube-corner instead of Vickers. Consequently, the fitted R and parameters for Vickers indenters must be revised when Berkovich and cube-corner indenters are used since its dependence on indenter geometry and crack morphology should change the fitted values given by Vickers indenters.
Sharper indenters than Berkovich or Vickers indenters, as the cube-corner one, displace a much larger volume of material for a given load. Therefore, higher stresses are induced beneath the indenter, thus, cracks can be generated at lower loads [12] . It allows characterizing even smaller material volumes [12] [13] 17] . The morphology of the indentation cracks depends on the indentation load, tip geometry and material toughness. Half-penny morphology, in which cracks are connected underneath the hardness impression, is the most common when testing brittle materials with Vickers indenters and with c/a larger than 3, while radial cracks are developed at low indentation loads or/and in materials with higher toughness, independently of the type of indenter, and with c/a smaller than 2.5 [18] .
Accurate K IC measurements require a proper knowledge of the crack morphology in order to use the most appropriate expression for evaluating K IC . From a phenomenological point of view equation (1) was developed to be used when half-penny cracks are generated, whereas equation (2) was adapted to describe Palmqvist cracks. Despite the number of works addressed to the evaluation of fracture toughness by nanoindentation, few of them deal with the accuracy of the different expressions for cube-corner indenters [14] . Moreover, K IC is often evaluated by nanoindentation using equations (1) or (2), among others, without considering the crack morphology and the used indenter tip. Thus, the aim of the present work is to assess the applicability of the IM method for obtaining K IC of small material volumes by means of nanoindentation, taking into account the influence of the indenter geometry and the generated crack morphology. The constants R and of equations (1) and (2) will be fitted by testing materials with well known K IC .
The materials used in this work have well known and accepted values of K IC , obtained by standardized procedures, such as the SEPB, CNB or SCF methods, which do not precise experimental calibrations. The fracture toughness of the selected materials must not depend on the crack size, i.e. materials should not present an R-curve behavior. As cracks lengths generated by nanoindentation range from 1 to 9 m in single crystals, and up to 30 m in soda lime glass, if an R-curve behavior is present, the toughness developed with such cracks will differ from that obtained from large cracks and calibration using standardized methods will not
give accurate results. Accordingly, the following three materials have been chosen: a) soda-lime glass; b) Si (100) single crystal; and c) SiC-6H (0001) single crystal. Berkovich indentation tests, as both are essentially independent of the indenter used [11] .
The indented materials showed a well defined crack pattern in the range of applied loads. Only indentations showing well developed cracks and without chipping, were used to calculate K IC . Figure 1 shows a FIB tomography corresponding to a 100 mN cube-corner indentation on a soda-lime glass sample, where three cracks emanating from the centre of the impression can be observed. Additionally, depending on the indentation load and the tip geometry, lateral cracks were also present. Tomography observations indicate that cracks generated by
Berkovich and cube-corner indenters in the three evaluated materials are radial, with a semielliptical shape. Accordingly, form a geometrical point of view they are not semi-circular and not joint between them passing beneath the indentation impression as it is usually happens in high indentation load range with Vickers indenters. Nevertheless, both constants, R and from equations (1) and (2), respectively, were determined for the Berkovich indenter, by fitting such equations to the experimental values of H and E, P, reported value of K IC for each material (Table 1) , and mean crack length (see Figure 2) . The constant R of equation (1) was determined even though this equation was not developed for radial cracks.
The values of R and for Berkovich and cube-corner indenter geometries were experimentally fitted as R = 0.026 and = 0.022 or 0.057 depending on the indenter geometry (Table 2) . Equation (2) (Table 1) ). This good fitting can be rationalized considering the morphology of the indentation crack. Equation Table 2 ). Thus, it is clear that a proper calibration of experimental equations is crucial to obtain accurate values of K IC by nanoindentation when using Berkovich and cube-corner indenters.
The obtained calibration for cube-corner indenter differs from that obtained in previous works [10-11, 13, 15, 19-20] . A range of values from 0.033 to 0.040 are reported for cube-corner indenters [11, 13, 15, [19] [20] , whereas in this work a value of 0.057 has been obtained. If it is assumed that the parameter is related to tip angle only a value of 0.033 can be expected. On the other hand, depending on the toughness range of the materials studied, a value of 0.0319 [19] , 0.036 [11] or 0.040 [20] is reported. The main reason for the discrepancy observed between the literature values and the values given in this work is the chosen equation to fit the experimental data. In the literature, for cube-corner indenters, equation (1) was fitted. But, in this work it is shown that the crack morphology has a semielliptical shape, which indicates that from a phenomenological point of view equation (2) 
Material

SENB Berkovich
Anstis et al.
Berkovich Laugier
Cube-corner Laugier
SiC-6H (0001) 3.4 [22] 2.3 ± 0.1 3.0 ± 0.3 3.5 ± 0.8
Si (100) 0.95 [23] 0.9 ± 0.2 1.0 ± 0.3 1.0 ± 0.1 Soda-lime glass 0.7 [7] 0.6 ± 0.1 0. (2)).
